Abstract: In this talk I focus on nonlinear pulses in nanophotonic semiconductor waveguides. Our time-resolved measurements reveal physical phenomena unique to solitons in a free-carrier medium. We support these results with analytic and numerical models.
Introduction
Solitons are localized waves formed by a balance of focusing and defocusing effects. These nonlinear waves exist in diverse forms of matter yet exhibit similar properties including stability, periodic recurrence, and particle-like evolution. In the optical domain a temporal soliton can form from the controlled balance of the nonlinear Kerr effect with linear group-velocity dispersion (GVD) [1] . In semiconductor materials one must also account for nonlinear absorption and free carriers at typical intensity levels [2] . The nonlinear absorption attenuates the peak power, restricting the desirable nonlinear phase change due to the Kerr effect. In addition, the nonlinear absorption generates free carriers. The free-carrier plasma modifies the nonlinear pulse evolution with both dispersive (FCD, n FC ) and absorptive (FCA, σ ) contributions leading to non-trivial dynamics unavailable in other optical systems. For example, while in the spectral domain optical pulses undergo a spectral blueshift due to FCD [3] , in contrast the temporal properties are governed by the dynamic interaction of FCD and dispersion together leading to, for example, nonlinear pulse temporal broadening [4] . These free-carrier effects also interplay with and modulate the classical soliton evolution. Temporal solitons in semiconductors have been shown [5, 6] including soliton self-frequency blueshift [7] and soliton acceleration [8, 9] . In this talk we describe the dynamics unique to solitons in semiconductors through experiment, theory, and modeling.
Solitons in semiconductor photonic crystal waveguides
Bright solitons are one class of analytic solutions to the nonlinear Schrödinger equation (NLSE) with Kerr nonlinearity (γ) and anomalous GVD (β 2 <0). Fig. 1(a) summarizes the key parameters in the various platforms in which temporal solitons have been demonstrated. The red circle indicates the region of photonic crystal waveguides that we use in these experiments. In photonic crystal waveguides the Kerr nonlinearity is enhanced by the square of the group index [10] . Fig. 1(b) summarizes experimental autocorrelation results demonstrating the temporal evolution of optical solitons in a semiconductor photonic chip. As the pulse energy increases, the output pulse returns to the input duration before further compressing to a minimum duration of 800 fs (deconvolution factor of 1.54 for sech), limited by the laser output power. These on-chip results follow traditional soliton theory with good fidelity. Recently, we demonstrated a new class of 'pure-quartic solitons' with remarkably different properties arising from fourth-order dispersion and the Kerr effect [16] . We next examine solitons with perturbations.
Solitons with perturbations
The illustrations in Fig. 2 provide an insight into soliton perturbations in both glass and semiconductor media. The left side of the figure describes intrapulse Raman scattering which plays an important role in glass media [11] . These effects are known and we refer the reader to the literature for more detail. The right side of the figure describe intrapulse BGPP, NP) © OSA 2016 width (full-width at half-maximum, FWHM) and G ¼ 21 ( p 2) ¼ 1.76). For 3-ps pulsewidths, L d ranges from 6 mm to m. The nonlinear Kerr parameter g eff is inferred from the spectral ening dependence on pulse peak power 23 . The measured effective near parameter g eff is strongly dependent on n g (Fig. 1c) , with the t value being just above 900 W 21 m 21 at 1,555 nm (n g ¼ 9.
3). At group indices (n g . 10), disorder-induced scattering 41 and threen absorption 23 limit the effective Kerr nonlinearity, and the red g eff parameter deviates from theoretical values. The 1.9-eV ap of GaInP completely suppresses two-photon absorption 1.6 eV at 1,550 nm) such that residual band-tail absorption is ible, as detailed in our recent studies 42 . om fibres to integrated structures, Fig. 1d and Table 1 show the d b 2 parameters of various systems in which soliton effects have observed. The observed g eff in the present system is of the same order of magnitude as that of integrated nanowires, being just slightly larger [10] [11] [12] . The GVD coefficient for the present system is only a factor of two smaller than that of FBGs 4 . However, the semiconductor nanowires have a GVD coefficient that is a factor of 10 2 smaller than the present set-up, and the FBGs have a g eff that is 10 5 smaller in magnitude, consequently requiring much larger input powers (on the scale of kilowatts). In contrast with the present work, which makes use of approximately watt-level peak power and picosecond pulses, many of these demonstrations use femtosecond pulses, which markedly reduces the dispersion length.
Temporal soliton-effect pulse compression measurements
We next examined the output pulses directly in the time domain through second-harmonic intensity autocorrelation. 
Conclusion
We have demonstrated pulse compression based on high-order solitons at moderately slow group velocities in GaInP PhCWGs. This is enabled by the enhanced SPM and strong negative GVD in the PhCWGs. Use of a material free of two-photon absorption dramatically reduces the impact of nonlinear absorption and free-carrier dispersion, thus preventing detrimental interference with the soliton dynamics. The soliton dynamics emerge from temporal and spectral measurements and are further reinforced with a nonlinear Schrödinger equation model, leading to quantitative agreement with experiments. Owing to the small size of the device (1.3 mm) and low energies ( 20 pJ), these results are promising developments in the integration of femtosecond and soliton applications in photonic chips.
Methods
Device and linear characterization. The PhC was designed and fabricated as a hexagonal lattice ( p6m symmetry group) of air holes arranged in a GaInP slab membrane (n 0 ¼ 3.13). Fabrication of a high-quality PhC based on III-V material has achieved record quality factors (Q . 1 × 10 6 ) in III-V based PhC cavities 42, 49 . Total insertion loss (before and after coupling optics) was estimated to be 8 dB, including 4 dB directly attributable to the coupling optics. Carefully designed integrated mode adapters reduced waveguide coupling losses and suppressed Fabry-Pérot oscillations from facet reflections 36 . The 3-dB optical transmission band ( Supplementary Fig. S1 ) extended between 1,530 nm and 1,560 nm, and was bounded by the onset of the higher-order odd-mode and the even-mode waveguide cut off. The waveguide dispersion was analysed using the phase-shift method, by measuring the radiofrequency phase modulation of the optical carrier while sweeping the optical frequency through the waveguide transmission 39 . The measured phase shift Df was translated into a time delay through the relationship DT ¼ Df/2pf, where f is the optical carrier frequency and DT the propagation delay. The group index is thus n g ¼ cDT/L. The GVD (b 2 ) and TOD (b 3 ) coefficients were ob function numerical derivatives.
Experimental pulse characterization. For the pulse compressio used a mode-locked fibre laser (Keopsys/Pritel) delivering nearl 2.5-4 ps pulses at a repetition rate of 22 MHz. The source was tu 1,565 nm. After adjusting the source to the desired wavelength, pulse duration and minimized the time-bandwidth product to a limit of hyperbolic secant pulses (DlDn ¼ 0.315) within 5% (th negligible). The pulse power was modulated with a variable fibre preventing misalignment and undesirable modification of the p second series of experiments was performed using an 100 fs m laser (Optisiv) operating at 36.5 MHz with a customized picose including a 1.2-nm-wide (FWHM) tunable filter. This generate asymmetric in time, with fast rise time and slow fall time, and 1.8 ps (assuming the deconvolution factor to be equal to 2 for a exp(-t/t 0 ) with t . 0) and spectral width set by the filter. Autoco recorded using a PulseCheck APE autocorrelator directly coupl the waveguide. Importantly, we did not use any amplification s artefacts and pulse distortion. Owing to the excellent mechanic set-up and the very good stability of the mode-locked laser, we autocorrelation traces, thereby improving signal-to-noise ratio. T significant change in pulse duration, we collected data with diff time spans (5, 15 and 50 ps). The autocorrelation trace is different from that of a sech 2 pulse. The pulse experiences dispersion-induced broadening at sma before contracting at larger pulse energies, thereby demonstrating soliton behaviour. b, As in Fig. 3a at 1 ,555 nm, but with 1.8-ps exponentia pulse initially broadens due to dispersion, then narrows at increased pulse energies due to stronger SPM. free-carrier effects typical of the temporal behavior in semiconductor waveguides. Owing to free-carrier frequency blue shift from the FCD, the pulse undergoes acceleration in the anomalous medium and arrives before the canonical soliton. The strength of these effects depends on the pulse duration. Whereas Raman processes typically require femtosecond pulses, in contrast, free-carrier effects require longer pulses in time. Physically, this is explained by considering that the energy in the pulse tail needs to experience the free carriers generated by the leading edge. Mathematically, the rate equation describing free-carrier generation involves an integral corresponding to the accumulation of free carriers across the pulse [12] . We now show experiments demonstrating temporal solitons in which free-carriers play a significant role.
NATURE PHOTONICS

Weak free carrier regime (3PA-limited)
While Fig. 1 shows a good first experiment, autocorrelations are symmetric and require an approximation of the pulse shape. As not all pulse dynamics are symmetric, information can be obscured and it is desirable to obtain the real electric-field envelope. With this motivation, we constructed a frequency-resolved optical gating (FROG) apparatus to measure the pulse intensity and phase in both the temporal and the spectral domains. Figure 2(a) shows the retrieved temporal intensity (solid blue) and phase (dashed magenta) of the experimental spectrograms as a function of pulse power. We observe temporal narrowing characteristic of higher-order solitons, as well as the temporal separation indicating the onset of periodic evolution. To understand the experiment better we conducted NLSE modeling of the experiment shown in the right panel. As we increase the pulse energy the pulse shifts forward from 0 ps to -1.4 ps, indicating that the pulse advances in time. The black dashed line indicates simulations with suppressed FCD showing the pulse shifts noticeably less in this case and we conclude that FCD causes the temporal advance. We suspect the remaining shift might be due to strong self-steepening in the photonic crystal [13] or residual pulse chirp. More recently we showed that FCD can induce soliton fission [14] . These results of solitons in the weak free-carrier regime encouraged us to study this effect in a TPA-limited material where free carriers play a more significant role.
Strong free carrier regime (TPA-limited)
For this case, we constructed an electrically gated cross-correlation (X-FREG) [15] . Figure 2 (b)(left) shows spectrograms at three different coupled power levels for silicon waveguides [9] . The spectrograms clearly reveal the pulse spectrally blue-shifting with increasing power due to larger free-carrier concentrations. Figure 2 (b)(right) shows the experimentally retrieved pulse intensities in the time domain indicated as the dashed red lines with NLSE modeling (blue line). We observe compression of 3.7-ps pulses to 1.6 ps (compression factor χ c = 2.3). It is not obvious how much additional compression is possible in this system due to the presence of TPA. Further, we directly measure the time advance of pulses in the time-of-flight configuration.
